Background: Diffusion-weighted imaging (DWI) is a promising supplemental technique in oncological magnetic resonance imaging (MRI). We investigated the diagnostic utility of DWI for detection and characterisation of paediatric renal tumours.
Introduction
Renal tumours are among the most prevalent malignancies in childhood and account for approximately 7% of all paediatric cancers (1) (2) (3) (4) . Nephroblastoma, or Wilms tumour (WT), is the most rhabdoid tumour (2%) and miscellaneous rare tumours (2%) (5) . Nephroblastomatosis (NBS) represents persisting metanephric blastema, or nephrogenic rests, and is considered a premalignant lesion with a low rate of malignant transformation. NBS is seen in one-third of patients with WT and is regularly present in patients with bilateral WT, yet only few of these lesions progress to WT (6, 7) . Considering this close association and co-existence of malignant and pre-malignant disease, diagnostic accuracy of imaging studies for detection and characterisation of renal lesions has an immediate impact on therapeutic decision-making, therapy monitoring and, possibly, patient outcome (8) (9) (10) (11) . Standard MRI scans with contrast-enhanced imaging reliably visualise renal tumour manifestations in children and show diagnostic performance superior to ultrasonography for detection of small foci (9) . However, differentiation between tumour entities, and particularly between WT and NBS, based on MR imaging criteria alone leaves a considerable degree of uncertainty in some patients, thus prompting biopsy (12) .
Diffusion-weighted MR imaging (DWI) visualises the varying degree of restriction in Brownian diffusion which water molecules are subject to in biological tissues (13) . The apparent diffusion coefficient (ADC) is a quantitative measure of diffusivity in vivo. Low ADC indicating restricted diffusion is seen in cytotoxic cerebral oedema (14) , in tumours with high cellularity (15) and in abscess (16) . Recent studies on DWI suggest a diagnostic utility of ADC for differentiation of malignant and benign disease, and even of histological subtypes, in adult patients with renal tumours (17) (18) (19) (20) . In paediatric populations, ADC-based prediction of tumour dignity has been attempted with some success (21) (22) (23) ), yet there is a paucity of data on diffusionweighted MRI of paediatric renal neoplasia. In our study, we therefore investigated the diagnostic performance of DWI for detection and differentiation of paediatric renal tumours.
Patients and methods
At our institution, extracranial DWI has been part of routine clinical scanning since 2008 and has been integrated into routine paediatric magnetic resonance imaging (MRI) protocols for more than five years. For this study, we retrospectively evaluated consecutive paediatric patients with renal tumours. The study population includes eleven consecutive patients (nine females) with a mean age of 4.8 ± 4.0 years (median four years, range 4 days to 15 years) at initial diagnosis who were examined between 2009 and 2014. Another two patients did not have DWI at initial staging for technical reasons and were excluded from this study. All patients were treated at the Department of Paediatrics of our institution and were referred to routine oncological MRI due to clinically and/or sonographically suspected renal mass. All study work was conducted in accordance with the Helsinki Declaration. Retrospective analysis of anonymized data from routine examinations for scientific purposes is covered by the treatment contract between patients and our university hospital. Informed written consent was obtained from the legal guardians of all patients for all diagnostic and therapeutic measures. Surgical and histopathological correlation was available for all patients.
All routine MRI examinations were performed according to our oncological standard imaging protocol at 1.5 Tesla (Magnetom Symphony, Magnetom Avanto, Magnetom Aera; Siemens Healthcare, Erlangen, Germany). Seven patients (age range 2 days to 6 years) were sedated and monitored by a paediatric anaesthesiologist. All patients were scanned in supine position with multi-channel phased-array body coils and an i.v. line in place. The scan protocol comprised T2-weighted (T2w) turbo spin-echo (TSE), pre-contrast and contrast-enhanced fat-saturated T1-weighted (ce-T1w) sequences. Prior to i.v. contrast administration, DWI was acquired as transverse (axial) single-shot diffusion-weighted echo-planar imaging (SS-DW-EPI) with diffusionsensitizing gradients (b-values of 50 and 800 s/mm2) applied sequentially along the three orthogonal directions. Typical scan parameters were repetition time (TR) 9000 ms, echo time (TE) 126 ms, 8 averages, epi factor 128, trace-weighted, spectral fat saturation, slice thickness 4-6 mm, base resolution 128, inplane resolution 1.8x1.8 mm2, acquisition time 5 minutes. All DWI scans were performed in standard free-breathing acquisition without triggering or motion correction techniques. Contrastenhanced fat-saturated T1w images obtained as transverse 2D-fast low angle shot (FLASH) (typical parameters: TR 86 ms, TE 3.8 ms, flip angle 90°, field of view (FOV) 250 mm, in-plane resolution 1.3 mm x 1.3 mm, slice thickness 4-6 mm, spectral fat saturation, breath-holding) or, in sedated patients, as transverse T1w TSE (typical parameters: TR 2000 ms, TE 2.5 ms, flip angle 15°, FOV 350 mm, in-plane resolution 0.7 mm x 0.7 mm, slice thickness 4 mm, spectral fat saturation) with respiratory triggering.
Image analysis for detection and visual tissue characterisation of tumour lesions was conducted as a blinded consensus reading of two experienced observers: The first reader was a resident with five years training in radiology and with special training in paediatric imaging (I. P.) and the other a boardcertified paediatric radiologist with seven years of experience in extra-cranial DWI (H. N.). The readings of DWI and ce-T1w imaging were performed one week apart to avoid recall bias to the extent possible in our small group of patients. Diffusion-weighted (DW) images were read in default window settings and always assessed in combination with the ADC map so as to prevent false-positive readings originating a from "T2 shinethrough" artefact. T2 shine-through originates from the strong T2w signal of fluids and is characterised by a persisting high signal at high b values in combination with high ADC. Lesions showing high signal on DW images both at low and at high b-value with a corresponding low measurement on the ADC map were considered as exhibiting restricted diffusion. Cystic portions of the tumour were assumed in areas of high signal at low b-value, low signal at high b-value and corresponding high ADC (Figure 1 ). We then measured signal intensity of renal tumour foci and, if present, of extra-renal metastases manually with region of interest (ROI) technique.
Signal intensity ratios of tumour vs. adjacent tissue were calculated for ce-T1w and DWI. Mean ADC was measured on automatically computed ADC maps with a large circular ROI comprising the whole of the tumorous lesion on one representative transversal section. In large and heterogeneous tumours (i.e., WT and renal cell carcinoma), we performed an additional small ROI measurement with a ROI size of 1 to 2 cm2 in the portion of the tumour with the highest degree of restricted diffusion, thus omitting inhomogeneous or cystic areas (Figure 1 ). In addition, mean ADC of the renal cortex and the erector spinae muscles were measured as reference. All image analyses were performed off-line on a Syngo Plaza workstation (Siemens Healthcare, Erlangen, Germany).
Statistical analysis
Normally distributed data is presented as mean ± standard deviation. 
Results
The eleven patients in our study group were diagnosed with nephroblastoma (WT) n=6, nephroblastomatosis (NBS) n=2, connatal mesoblastic nephroma (CMN) n=1, juvenile renal cell carcinoma (RCC) n=1 and local recurrence of nephroblastoma n=1. All MRI studies yielded diagnostic image quality, and all tumour lesions identified on standard MRI sequences were detected on DWI, as well. Data on imaging characteristics and quantitative measurements are summarised in Table  1 . Measured with small ROI technique, all tumour lesions except for two small NBS foci had low mean ADC values < 1.0. Neither ADC nor SI ratios on DWI or ce-T1w imaging differed significantly between malignant disease and NBS. Patients with WT, with WT recurrence and with RCC all showed inhomogeneous tumour signal and signal elevations on T2w, equivalent to cystic portions, in at least a small part of the tumour. Solid portions of these lesions exhibited varying degrees of markedly restricted diffusivity and hypointense signal on ceT1w indicating hypoperfusion, as compared to normal renal cortex. All NBS foci and the CMN were characterised by homogenous signal, markedly hyperintense on DWI, moderately hyperintense on T2w and hypointense on ce-T1w.
Patients with primary diagnosis of Wilms tumour
All six patients with newly diagnosed WT underwent MR scanning before and after neoadjuvant standard chemotherapy (SIOP 2001 (24) ). In two of these patients, WT was the only tumour focus on initial staging. The third WT patient had multiple retroperitoneal and liver metastases at primary diagnosis ( Figure 2 ). Another patient had three ipsilateral foci of NBS measuring 15 to 26 mm and three small contralateral NBS lesions of 3 to 5 mm in diameter ( Figure 3 and 4 ). Of these, the three small NBS foci were virtually occult on contrast-enhanced T1w imaging, but showed high signal intensity on DWI, whereas the ipsilateral larger NBS foci were detectable on both DWI and ce-T1w. The fifth patient had bifocal WT in one kidney and additional multiple small bilateral foci of nephroblastomatosis. Of the latter, five lesions measuring 5 to 10 mm in diameter were visible both on DWI and ce-T1w, while several Finally, one WT patient presented with a 5 mm nephrogenic rest in the contralateral kidney visible on both contrast-enhanced and diffusion-weighted sequences. Involvement of the renal vein was not observed. Mean signal intensity ratio of WT was significantly higher on DWI, compared to ce-T1w (p=0.043).
All patients underwent neoadjuvant chemotherapy and pre-operative MRI re-staging, which confirmed a marked reduction in tumour size, a decrease in signal intensity ratios for both ce-T1w and DWI and an increase in mean ADC as indicators of response to treatment in all patients (Table 1) . After successful treatment with surgical tumour resection and complete remission, five patients remained in complete remission at a median follow-up of 29 months, while one patient suffered progressive disease with new pleural metastases nine months after initial diagnosis. In the caudal renal parenchyma, additional bilateral lesions were vaguely visible on contrast-enhanced imaging (middle row left: T1w VIBE, middle row right: T1 TSE water excitation with respiratory triggering), but were confirmed as foci of highly restricted diffusivity on DWI (lower row left: DWI b=800, inverted grey scale, lower row right: ADC map). Free-breathing DWI showed virtually no motion artefacts and clearly visualised even the 5 mm right-sided lesion.
Routine abdominal ultrasonography discovered a renal tumour with 2.5 cm in diameter in a 4-days-old girl. The very young patient age and the relatively large solitary lesion were suggestive of CMN. Histopathology after tumour resection confirmed this diagnosis. The MRI signal of the lesion mimicked NBS with homogeneous hypointense signal on ceT1w and marked homogenous diffusion restriction throughout the tumour.
Patients with nephroblastomatosis/nephrogenic rests
Three of our WT patients (50%) had additional foci of NBS or nephrogenic rests in the ipsilateral and/or contralateral kidney. Ipsilateral foci were larger with a diameter up to 2.5 cm, while none of the contralateral lesions exceeded 5 mm. Two young patients with NBS and a history of nephron-sparing resection of extensive NBS have been followed up at our institution with ultrasonography and MRI followup for 3 years and 6 years ( Figure 5 ). Each had one small 5 mm NBS remnant which was found constant in the long run in terms of lesion size and signal.
All NBS manifestations showed slightly hypointense homogeneous signal on ce-T1w, compared to the renal cortex. Subjective lesion conspicuity was superior on DWI for all NBS lesions, and SI ratios on DWI were higher, compared to ce-T1w (p<0.05, Wilcoxon signed rank test) (Table1). Of the 17 NBS lesions quantified for our study, 11 (65%) were detectable with both ce-T1w and DWI, all of these measuring 5 mm or above in diameter, while six NBS foci would have been missed without DWI. These small lesions were virtually occult on ce-T1w, but all showed high signal on DWI at high b-values. The large NBS foci had mean ADC values ranging between 0.3 and 0.5, while the small lesions with 3 to 5 mm in diameter were measured with higher mean ADC of 0.7 to 1.2. Mean ADC of NBS was 0.7 ± 0.3 (Table 1) .
Discussion
Our explorative single-centre study with retrospective data analysis demonstrates the usefulness of DWI for detection of renal tumours and their metastases in paediatric patients. All tumour lesions detectable on standard MRI were also seen on DWI, but were displayed with significantly higher signal on diffusion-weighted images and thus stood out from the adjacent anatomical structures. A number of small NBS foci with low signal intensity ratios on ce-T1w were identified with certainty only after correlation with the diffusion-weighted images. DWI also detects additional NBS lesions. The preliminary experience from our study data, however, suggests that DWI cannot differentiate between malignant renal tumours and NBS/nephrogenic rests, based on mean ADC values.
Renal tumours account for a small, but significant proportion of malignancies in children (1) . Wilms tumour (WT), the most prevalent entity by far, is highly responsive to modern multi-modal therapy, and a majority of WT patients enjoys excellent longterm survival rates (25) . According to European guidelines, therapeutic standard in WT patients is initial diagnostic imaging for tumour staging, neoadjuvant chemotherapy, re-staging and tumour nephrectomy, possibly followed by post-operative chemotherapy and irradiation depending on tumour stage. Pre-therapeutic tumour biopsy is not usually performed in young children presenting with solid renal tumours and imaging findings consistent with WT (5). Standard MR imaging, however, cannot reliably differentiate between the various renal tumour entities, nor confidently predict malignancy or the biological potential of a renal mass (26) . Furthermore, considering the presence of bilateral WT in about 10% of the patients (27) , the frequent association of WT and nephrogenic rests or nephroblastomatosis (NBS) (6-7) and the low rate of malignant transformation of NBS lesions (6) (7) (8) , therapy planning and options for nephron-sparing surgery would certainly benefit from more accurate image-based characterisation of these renal lesions. In patients with bilateral WT undergoing nephronsparing surgery (11) , accurate detection and description of additional NBS foci may help to optimize surgical resection and may result in higher proportions of preserved renal tissue.
DWI is a MR imaging technique that visualises the degree of restriction experienced by water molecules in the extracellular space of biological tissues. The DWI signal is closely related to tissue cellularity (15) , among other factors, and previous studies found evidence for improved tissue characterisation with quantitative measures of diffusivity. In paediatric oncology, embryonal malignant tumours typically present with high cellularity, characterized by Figure 5 . Four-year-old girl with a history of left-sided nephrectomy and right-sided nephron-sparing surgery for bilateral extensive NBS. Several post-operative ultrasound follow-up examinations of the right kidney had not revealed remnant or recurrent disease. Diffusion-weighted MRI showed a small focus of restricted diffusion (arrow, upper row, left, DWI b=800, inverted grey scale) and corresponding low ADC (arrow, upper row, middle, ADC map), while no focal lesion was visible on ce-T1w (upper row, right, T1 TSE FS with respiratory trigger). Targeted ultrasound then depicted the hypoechogenic and hypovascularised 5 mm lesion (lower row, left: B-mode ultrasound, middle: magnification and calipers, right: power doppler) consistent with remaining NBS. To date, the lesion has been found constant over three years of ultrasonographic and MRI follow-up.
densely packed cells and consecutively narrowed extra-cellular space with many barriers to the diffusion of extracellular water. In contrast, benign tumours or lesions rich in interstitial stroma are characterized by a low cell count, wider extracellular space and therefore less impeded diffusion (15) . While DWI features of renal tumours in adults have been a focus of several recent studies and a metaanalysis (18) (19) (20) , there is a paucity of such data from paediatric cohorts. Tumour characterisation, based on ADC, has been reported in other paediatric tumour entities. DWI was able to differentiate between neuroblastoma and ganglioneuroblastoma/ganglioneuroma (21) and between malignant and non-malignant osseous and soft-tissue lesions (23) . Cut-off ADC values around 1 × 10−3mm2/s with lower ADC being predictive of malignancy were found in these studies (21, 23) . Inflammatory musculoskeletal lesions, on the other hand, showed markedly elevated ADC values ranging from 1.4 to 2.6 × 10−3mm2/s (28) without overlap to musculoskeletal malignancies (23) .
In our present study, free-breathing DWI produced high-quality scans of our paediatric patients ( Figure  2 ) and showed high sensitivity for renal tumour foci. In our small study group, we found evidence that allows us to extent the concept of DWI-based tumour detection to paediatric renal masses. Mean signal intensity of tumour foci, as compared to adjacent tissue, was higher on DW images than on contrastenhanced images, which translates into higher lesion contrast. We decided to use signal intensity ratios as the quantitative metric in our study, rather than contrast-to-noise ratio (CNR). Using modern scanner hardware and software, image noise is no longer evenly distributed in MR images acquired with multichannel receiver coils and built-in image filtering. The traditional straight-forward approach of measuring image noise with ROIs on the images may be affected in an unpredictable manner and extent under such circumstances. Quantification of image noise and evaluation of noise distribution by the means of field maps was not performed in our clinical setting.
Although DWI allowed ready tumour detection in all our patients, we could not, however, differentiate malignant from non-malignant renal tumours based on ADC. Mean ADC values lower than 1.0 were seen in all malignant lesions, but also in NBS, with the small ROI technique. In heterogeneous tumours containing both solid and cystic tissue, it is our practical approach to target portions of the tumour exhibiting restricted diffusion and to measure ADC with a small ROI of approximately 1 to 2 cm2 there. In contrast to previous experience with other paediatric tumour entities (29) and with renal tumours in adult patients (20) , however, nonmalignant lesions in our study, namely the nephrogenic rests and NBS foci, also showed markedly restricted diffusivity and mean ADC less than 1 × 10−3mm2/s. Reference ADC values measured in the renal cortex and in the erector spinae muscle showed little variation between patients or between MRI scanners and showed no substantial across-study variation in comparison to previously reported data (23, 30) . The association of relatively high ADC in small NBS lesions and low ADC in larger NBS lesions is very likely the result of partial volume effects, as the size of these small NBS foci (3-5 mm) approached the in-plane resolution (1.8 mm2) of our DWI scan. High ADC of the surrounding renal cortex may thus explain a higher ADC in small NBS lesions, compared to large foci of NBS.
On both DWI and on standard MRI in our study, NCC and CMN, both representing rare renal tumour entities, mimicked WT and NBS, respectively. Heterogeneity and cystic tumour portions were the only imaging findings relatively characteristic of WT, as compared to NBS, and were observed on both DWI and ce-T1w imaging. Although data from larger patient cohorts is certainly needed, it presently appears unlikely that DWI will provide information that allows accurate characterisation of WT, NBS and other paediatric renal masses based on ADC quantification with mono-exponential modelling alone. A new promising DWI technique is intra-voxel incoherent motion (IVIM) technique (31) which distinguishes between diffusion and perfusion effects both contributing to the DWI signal and was found useful to discriminate renal tumour subtypes in adult patients (32) . Other DWI-based methods recently under investigation are the diffusion kurtosis model (33, 34) and "Vascular, Extracellular and Restricted Diffusion for Cytometry in Tumors" (VERDICT) -MRI, the latter combining DWI with a complex mathematical model of tumour tissue and taking into account factors such as cell size, vascular volume fraction, intra-and extracellular volume fractions, and pseudo-diffusivity associated with blood flow (35) .
Earlier studies investigating DWI of tumours undergoing chemotherapy reported markedly increasing diffusivity in responsive malignant tumours, supposedly as a result of tumour necrosis, reduced cellularity and concomitant tissue oedema (36) . All the Wilms tumour manifestations in our study that were responsive to chemotherapy were likewise seen with a marked increase in ADC and a substantial reduction in tumour size on the preoperative re-staging (Table 1) , while the two nonresponsive lesions, that is the juvenile NCC and the local WT recurrence, had persisting low mean ADC. Based on our preliminary experience, ADC quantification may therefore be a useful supplemental technique for evaluating response to therapy in children undergoing neoadjuvant treatment for Wilms tumour.
For presentation of diffusion-weighted images in print and in clinical rounds, we found it helpful to use images with an inverted grey scale, as seen in Figures  1 through 5 . From our experience, this mode of presentation carries a smaller risk of degraded image reproduction in print. Furthermore, our clinicians are used to looking at scintigraphic studies and PET images. As DWI with inverted grey scale somewhat resembles bone scintigraphy or PET scans, we often use inverted DWI when communicating our findings to the referring clinicians. To date, there is no data to support the hypothesis that grey scale inversion for diffusion-weighted images may be helpful for routine readings, as it was reported for the detection of pulmonary nodules on chest films (37) .
Limitations
The retrospective design of our explorative study, the limited number of patients available for analysis and the different scanner hardware used in data acquisition all need to be taken into account when drawing conclusions from the presented study data. Apart from Wilms tumour and nephroblastomatosis, other paediatric renal tumour entities are generally rare with frequencies below 5%, so that only one case of NCC and CMN each were among our study patients. In fact, only rudimentary statistical testing was possible considering the small sample size. A prospective multi-centre approach with standardised examination protocols will be necessary to recruit larger patient cohorts and to arrive at more definite conclusions. MRI examinations in our study were performed at 1.5 Tesla on three different MR scanners from the same manufacturer with very similar scanning parameters. Overall image quality was superior for examinations performed on the Avanto and Aera scanner, compared to the older Magnetom Symphony. At any rate, a potential impact of hardware and software configuration on our study results cannot completely be ruled out. A technical issue of concern is the still limited spatial resolution of DWI, relative to small-sized NBS lesions, which renders quantitative ROI analysis of ADC susceptible to partial volume effects, as discussed above.
Another limitation arises from the technical specifications chosen for the DWI sequence. We acquired DW images at two b-values only, being aware that bi-exponential modelling based on three or more b-values produces more accurate ADC values (13) . While ADC values computed from a biexponential model may differ to some extent from the ADC values reported in our study, the differences would be small, in our experience, compared to variability arising from intra-and inter-observer variability of ADC measurements in a clinical setting. Time is a crucial factor in paediatric MRI and measuring additional b-values considerably adds to total scanning time. We argue that the potential benefit of measuring additional b-values or higher bvalues, requiring more averages because of less signal (13) , would not justify the extra-time and the additional discomfort to the patients, some seriously ill and in bad clinical condition and some undergoing MRI in sedation.
As it is, the study presents proof-of-concept work. Future studies should include inter-observer variability analyses and collect observations at different levels of experience to identify learning curves with DWI and standard MRI sequences.
Conclusions
Our study is a first systematic attempt to evaluate the diagnostic performance of diffusion-weighted imaging in paediatric patients with renal tumours. Evidently, DWI is useful for detecting and monitoring paediatric renal masses. While DWI based on ADC with mono-exponential modelling may add little diagnostic utility to standard MRI for discriminating between various renal tumour entities, lesion conspicuity on DWI was found superior to contrast-enhanced T1w imaging because of a higher inherent lesion-to-background signal and less interference of motion artefacts. Advanced DWI techniques, such as kurtosis imaging or IVIM, should be evaluated for imaging paediatric renal tumours. DWI is particularly well-suited for young patients for its merits of fast scanning in free-breathing technique without the need of breath-holding, respiratory triggering or i.v. contrast application. DWI being a gentle and truly non-invasive scanning technique deserves further evaluation as a supplement to standard MRI protocols and as stand-alone imaging in young patients.
